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FLIGHT  CALIBRATION TESTS OF A NOSE-BOOM-MOUNTED  FIXED 

HEMISPHERICAL  FLOW-DIRECTION  SENSOR 

Katharine H .  Armistead  and  Lannie D . Webb 
Flight  Research  Center 

INTRODUCTION 

The  accurate  measurement of angle of attack  and  angle of sideslip is of prime 
importance  for  the  analysis of flight-test  data. At the NASA Flight  Research  Center, 
the  vane  type of flow-direction  sensor  has  been  used  in most flight  research  pro- 
grams,  but  increasing  aircraft  performance  capabilities  have  exposed  the  vanes to 
higher  temperatures  which  have  occasionally  caused  structural  damage. A s  a  con- 
sequence,  another  type of flow-direction sensor would be  desirable  for  high- 
performance  aircraft.  Thus  a  hemispherical  flow-direction  sensor,  which  has  more 
structural  rigidity  than  a  vane  type of sensor,  was  flight  tested  on  an F-104 airplane 
(fig. 1). This  probe  makes  use of differential  pressure  measurements to determine 
flow direction. 

Hemispherical  flow-direction  sensors  have  been  tested  extensively  in  wind 
tunnels  (refs. 1 to 4 ) .  During  these  tests  the  probes  were mounted on  a  sting  and 
exposed to a  uniform  free-stream  flow. In the F-104 tests  a  hemispherical flow- 
direction  sensor  was  strut-mounted  on  the  aircraft's  nose boom close to an  angle-of- 
attack  vane  and  an  angle-of-sideslip  vane. 

This  report  presents  comparisons of the  angle-of-attack  measurements made by 
the F-104's flow-direction  sensor  and  the  angle-of-attack  vane. In addition,  the 
hemispherical  flow-direction  sensor's  calibration is compared  with  wind-tunnel  data 
to  determine  whether  there  was  any  interference  from  the  vanes or the  nose  boom. 
Finally,  the  report  evaluates  the  usefulness of the  sensor  as  an  aircraft  airspeed 
sensor. 

SYMBOLS 

Physical  quantities  in  this  report  are  given  in  the  International  System of 
Units (SI) and  parenthetically  in U . S . Customary  Units.  The  measurements  were 
made in U . S . Customary  Units.  Factors  relating  the two systems  are  presented  in 
reference 5 .  
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stagnation  pressure  measured by the  Pitot-static  probe, kN/m 
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stagnation  pressure  measured  by  the  hemispherical  flow-direction 

sensor, kN/m (lb/ft ) 2 2 

angle-of-attack  pressures  measured  by  the  hemispherical flow- 

direction  sensor, kN/m (lb/ft ) 
2 2 

angle-of-sideslip  pressures  measured  by  the  hemispherical flow- 

direction  sensor, kN/m (lb/ft ) 
2  2 

ambient pressure,  kN/m (lb/ft ) 
2 2 

free-stream  dynamic pressure,  kN/m 2 (lb/ft 2 ) 

differential  pressure  for  the  Pitot-static  probe,  pt - p,, kN/m 2 

(lb/ft2) 

differential  pressure for the  hemispherical  flow-direction  sensor, 

- p2 + p4 

Pt5 2 
, kN/rn2 (lb/ft2) 

angle of attack,  deg 

angle of sideslip,  deg 

differential  pressure  between  the two angle-of-attack ports, 

pg - p l ,  kN/m (lb/ft ) 
2  2 

differential  pressure  between  the two angle-of-sideslip  ports, 

p4  - p 2 ,  kN/m (Ib/ft ) 
2  2 
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DESCRIPTION OF APPARATUS 

Flow-Direction Sensor 

A flow-direction sensor  with  five  pressure  orifices  was  fabricated  at  the NASA 
Flight  Research  Center  and  attached  by  a  special  support to the  nose boom of an 
F-104 airplane  (figs. 2 and 3 ) .  The  support for the  sensor  and  the  sensor  itself 
were  aluminum,  and  they  were  precisely  alined  with  the  airplane's  centerline.  The 
sensor  had  a  diameter of 1.90  centimeters ( 0 . 7 5  inch)  with  0.31-centimeter- 
(0.12-inch-)  diameter  pressure  orifices. One port  was  centrally  located,  and  the 
other  four  were 45' from the  center  port  in  orthogonal  planes  (figs. 4 (a) to 4(c)) .  
The'difference  in  pressure  between  ports 1 and 3 was  used  for  the  measurement of 
angle of attack,  and  the  difference  in  pressure  between  ports 2 and 4 was  used  for 
the  measurement of angle of sideslip.  The  fifth  orifice  was  used to measure  local 
stagnation  pressure.  The  tip of the  hemispherical  flow-direction  sensor  was 
opposite  the  angle-of-attack  vane  (ref.  6),  and  each  was  equidistant from the  nose- 
boom centerline  and  the  tip of the  nose boom. 

Variable-capacitance  pressure  transducers  in  the  airplane's  nose  cone  as  close 
to the  nose boom as  possible  were  used to measure  pressures from the  flow-direction 
sensor. Each cell  used to measure  angle-of-attack  and  angle-of-sideslip  pressures 

had  a  range of 0 to 105 k N / m  ( 0  to 2200 lb/ft  ) , and  the  cell  used to measure  stagna- 

tion pressure  had  a  range of 0 to 144 kN/m ( 0  to 3000 lb/ft ) .  

2 2 

2 2 

Pitot-static  Probe 

The  Pitot-static  probe  used  in  the  tests  was  a  standard NACA model A-6 probe 
(ref. 6) except  that  the  total  temperature element was  replaced  by  the  fixed flow- 
direction  sensor.  The  Pitot-static  probe  sensed  static  and  stagnation  pressures  for 
the  determination of airspeed  and  pressure  altitude.  The  installation  also  included 
the  free-floating  angle-of-attack  and  angle-of-sideslip  vanes  (fig. 2 ) .  Both the 
angle-of-attack  and  angle-of-sideslip  measurements  were  sensed  by  a  synchro  trans- 
mitter mounted on  the  angle-of-attack  and  angle-of-sideslip  vane  shafts.  The  pitot- 
static  probe's  pressure-sensing  system  consisted of  two precision  pressure  trans- 
ducers.  The  airspeed  sensor  was  a  differential  cell  with a range of 0 to 249 kN/mz 

( 0  to 5200 lb/ft ) , and  the  altitude  sensor  was  an  absolute  cell  with  a  range of 0 to 

101 kN/m2 ( 0  to 2100 lb/ f t2) .  

2 

DATA RECORDING 

The  analog  output from the  pressure  transducers  was  encoded  by  a  pulse code 
modulation system (PCM) . The  binary code  output of the PCM system  was  trans- 
mitted to a  ground  station  and  was  also  recorded  onboard  the  aircraft.  These  data 
were  processed  by  a  ground-based  computer,  which  provided  corrected  pressure 
data  in  engineering  units. 

3 



FLIGHT-TEST  PROCEDURE 

Before  the  flight  data  were  compared  with  wind-tunnel  data, an  airspeed  cali- 
bration  was  made.  Ground  radars  were  used  to  track  the F-104 airplane  as  it   per- 
formed level  accelerations  and  decelerations.  The  airplane's  position  error  was 
determined by correlating  the  airplane  altitude  determined by the  radars  with  the 
ambient pressure  sensed by a  rawinsonde  balloon  (ref. 7 ) .  

To  obtain  flight  data from the  hemispherical  flow-direction  sensor  the  following 
procedures  were  followed.  The  airplane  performed  pushovers  and  pullups  at  selec- 
ted Mach numbers  and  at  fixed  altitudes of 7 . 6  kilometers (25 , 000 feet) , 1 0 . 7  kilo- 
meters (35 , 000 feet) , and 1 2 . 2  kilometers (40,000 feet) . It also flew at  constant 
angles of attack  in 2" increments  at  the  selected  test  conditions.  Except  for  the  pull- 
ups  and  pushovers , the  airplane  was flown in  the  clean  configuration  and  near lg 
conditions.  The  pilot  maintained  quasi-steady  test  conditions  for  a  while  before 
data  were  taken to stabilize  the  pressure  measurements.  Flight  data  were  obtained 
over  an  angle-of-attack  range of 0" to 13", an  angle-of-sideslip  range of k3", and  a 
Mach number  range of 0 .5  to  1.8. Most of the  flight  data  were  obtained  at  an  angle 
of sideslip  near 0" to  make it  easier to correlate  the  wind-tunnel  and  flight  data. 

ACCURACY 

An error  analysis of the  precision  transducers of the  Pitot-static  probe  was 
made by  analyzing  data from laboratory  tests , hangar  calibration  checks , and  pre- 
and  postflight  zeros.  The  analysis  indicated  that  the  measurement of ambient  pres- 

sure  was  accurate to + O .  143 kN/m (k3.0  lb/ft ) on  the  ground.  Over  the  altitude 2  2 

range of interest (6 .1  km (20 , 000 ft)  to 1 2 . 2  km (40 ,000  ft))  the  measurement of 

Pitot-static  probe  differential  pressure  had  an  accuracy of k 0 .  383 kN/m (k8.0  lb/ft ) 2 2 

The  error  in  the  stagnation  pressure  measurement is a  function of the  combined 
inaccuracy of the  airspeed  and  the  static  pressure  measurements.  The root-sum- 
square  error  in  the  stagnation  pressure  measurement  was  therefore  approximately 

k0 .409  kN/m ( k 8 . 5  lb/ft  1 .  2 2 

The  static  pressure  error of + O .  143 kN/m (k 3 .0  lb/ft ) and  the  stagnation  pres- 2  2 

sure  error of +O. 409 kN/m (k8.5  lb/ft ) were  used  for  the Mach number  error  analy- 
sis. Mach number  uncertainty  due to instrument  error  was  calculated  by  root-sum- 
square  analysis,  and  the  resulting  errors  are  shown  in  table 1. 

2  2 

The  accuracy of the  variable-capacitance  pressure  cells  used to measure  pres- 
sures  in  the  fixed  flow-direction  sensor  was  determined from laboratory  tests.  The 
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accuracy of the  cells  was  as follows: 

. f 0 . 3 8 3  kN/m (f 8 . 0  lb/ft2) 2 
APa - 

APp * . f 0 . 3 1 6  kN/m ( f 6 . 6  lb/ft2) 
2 

Pt5 
. f0. 143 kN/m ( + 3 . 0  lb/ft ) 

2 2 

. kO.095 kN/m ( f 2 . 0  lb/ft ) 
2 

P1 
2 

The  angle-of-attack  and  angle-of-sideslip  vanes,  which  were  used to correlate 
flow-direction  readings  with  pressures  measured  by  the  hemispherical  flow-direction 
sensory had  an  uncertainty of f 0.25". This  excludes  such  uncertainties  as flow field 
upwash  and boom bending. 

RESULTS AND DISCUSSION 

Comparison of Sensitivity  Parameters 

The  flight  data  that minimized pressure  lag  were  selected for analysis. For this 
reason  the  flight  data  analyzed  were  for  a  rate of change  of  altitude of less  than 
e 2 3  m/sec (+75 ft/sec) . The  flight  data  selected  for  comparison with wind-tunnel 
data  were  for  angles of sideslip of less  than k 0 .  5'. 

Sensitivity  parameter A (2) .- Figures 5 (a) to 5(d)  present  the  ratio AI2 

ings of the  data  points  were  linear  for  angles of attack  up to 13". The  data  scatter is 
within  the  estimated  uncertainty of + O  . 0 1  to + O .  18 for  a  given Mach number  and  angle 
of attack  for  the  altitude  range from 6 . 1  kilometers ( 2 0 , 0 0 0  feet) to 1 2 . 2  kilometers 
(40 , 000 feet).  The  effects of altitude  are  also  within  the  data  scatter  indicating  that 
altitude  had  little i f  any effect on  the  data.  The  data  shown  in  figure 5 were  used 
to determine  the  sensitivity of the  hemispherical  flow-direction  sensor to changes  in 
Mach number. To  allow  the  flight  data  to  be  compared  directly  with  the  wind- 

~ 

tunnel  data from reference 4 ,  the  slope A was  changed to A 
- 1  

by multiplying  it by (z) for  each Mach number  in  figure 5.  Data from the 

5 
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other  wind-tunnel  tests  (refs. 1 to 3)  were  also  used  to  calculate A 
and  compared  with  the  flight-determined  sensitivity  parameter. 

Figure 6 shows  a  plot of A (:) - - a s  a  function of Mach number a s  deter- 

mined  from  flight  data  and  the  wind-tunnel  tests  (refs. 1 to 4 ) .  The  data  in  refer- 
ences 1 and 2 a re  for  supersonic Mach numbers  only  and  were  obtained from a hemi- 
spherical  flow-direction  sensor mounted directly  on  a  sting  with no afterbody. Ref- 
erence 4 presents  subsonic  transonic,  and  supersonic  data  for  an  isolated  probe. 
The  data  in  reference 3 were  for  a  hemispherical  flow-direction  sensor  which  had  a 
fairing  behind  the  probe  for  part of the  test  runs. 

The  subsonic  flight  data  are  in  fairly good agreement  with  the  wind-tunnel  data 
from references 3 and 4 .  Below  Mach 0 . 8  the  flight  data  agree  more  closely  with 
the  wind-tunnel  data from reference 3 than  with  the  data from reference 4 .  The 
agreement  between  the  flight  data  and  the  wind-tunnel  data from references 3 and 4 
improves  near M = 1 . 0 .  The  agreement  between  the  flight  and  the  wind-tunnel  data 
is good for Mach numbers from 1 . 2  to 1 .8  (refs.  1, 2 ,  and 4 ) .  

Figure 6 can  be  used  to  define  a  calibration  curve  for  use  by  an  air-data com- 
puter to obtain  angle of attack from the  pressure  measurements. A curve  fit  and  an 
equation  were  obtained  for  the  flight  data  in  figure 6 .  An equation  for  the  calibra- 
tion curve of angle of attack  takes  the  form 

@=-(a + a  Mm+aM:+ . . . +  a M:) 
qC 0 1  2 n 

where 

a = 0.15657 0 a = 0.10768 3 

a = -0 .12876 1 a = -0 .04719 4 

a = -0.04514 2 a = 0.00660 5 

Average  angle-of-attack errors  were  calculated  by  using  six  terms  in  equa- 
tion (1) and  the  errors  in  the  measured  pressure  quantities. (See ACCURACY. ) 
The  resulting  errors  are  listed  in  table 2 .  

Since  the  pressure  measurements  for  the  angle-of-attack  determination  were 
compared  with  the  measurements from the  angle-of-attack  vane,  a  root-sum-square 
calculation  was made by  using  values from table 2 and  an  uncertainty of + O .  25" for 
the  vane  measurements.  The  values from table 2 and  the  results of the  calculations 
are  presented  in  figure 7 .  A s  shown  in  figure 7 ,  the  uncertainty  in  the  angle-of- 
attack  determination  decreases  with  increasing  dynamic  pressure. For  example, 

above  a  dynamic pressure of approximately 40 kN/m (835 lb/ft ) the  average  un- 
certainty  for  the  combined errors  is less  than  approximately * O .  30". For the  dynamic 

2 2 
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pressure  range  above 30 k N / m  (626 lb/ft ) , the  average  angle-of-attack  uncertainty 
is less  than + O .  35". 

2 2 

Sensitivity  parameter A - - .-Figure  8  presents  the  sensitivity  param- rp:) :a 

eter A r?) for  the  hemispherical  flow-direction  sensor a s  a function of Mach ACY 
number.  The  flight  data  are  the  data  presented  in  figure 5 calculated  in  terms of 

A - -  (2) La . One of the  curves is a  fairing of the  wind-tunnel  data  presented  in 

figure 6 from references 1 to 4. The  other  curve is data from reference 8 for  a 
similar  hemispherical  flow-direction  sensor  with  only  four  orifices  that  was  mounted 
next to a  Pitot-static  probe. 

The  flight  data  are below the two faired  wind-tunnel  curves  for Mach numbers 
of 0 . 5  and 0 . 6  and  agree  with  the  wind-tunnel  data  for Mach numbers from 0 . 7  to 
0 . 9 .  The  flight  data  for  the  transonic Mach numbers  dip below the  wind-tunnel  data 
from references 1 to 4 .  A similar  dip  occurs  above Mach 1 . 0  in  the  wind-tunnel  data 
from reference 8 .  Interference from the  supporting  structures of the  hemispherical 
flow-direction  sensor  and  the  Pitot-static  probe may have  caused  this  deviation from 
the  wind-tunnel  data from references 1 to 4 ,  which  were  for  isolated  probes.  The 
dip  in  the  flight  data may be  larger  than  the  dip  in  the  wind-tunnel  data from refer- 
ence 8 because  in  the  flight  data  there  was  interference from the  angle-of-attack 
vane  as well as from the  hemispherical  flow-direction  sensor  and  the  Pitot-static 
probe. 

The  wind-tunnel  data  agree  well with the flight data  for Mach numbers from 1 . 2  
to 1 . 7 ,  so it may be  concluded  that  interference from the  supporting  strut  and  the 
Pitot-static  probe  in  this Mach number  range  was  negligible. Above Mach 1 . 7 ,  the 
wind-tunnel  data  for  the  fixed-direction  sensor  and  Pitot-static  probe  combination 
(ref. 8) diverge somewhat  from the  wind-tunnel  data  where  no  Pitot-static  probe 
was  present  (refs. 1 to 4 ) .  

Sensitivity  parameter A (tcp:) - - .- Figure 9 (a)  shows  a  comparison of 

flight  data  with  wind-tunnel  data from reference 4 in  terms of the  sensitivity  param- 

eter A [e) . The  flight  data  vary from a maximum value of approximately 

0 .08  at  a Mach number of 0 . 6  to approximately 0 . 0 7  at M x 1 .8 .  The  wind-tunnel 
data  that  are  available show  a  larger  variation  than  the  flight  data.  The  wind- 
tunnel  data  range  from  approximately 0 . 0 9  at Mach 0 . 6  to approximately  0.08  at 
Mach 0 . 8 .  

7 



Figure 9(b)  shows  a  plot of the two sensitivity  parameters A r+)L and Aff 

A r c ) - &  as  a  function of Mach number.  The  parameter Aff 

obtained from equation (1) by taking  the  average of all  the  flight  and  wind-tunnel 
data  in  figure 6 .  The two parameters  differ  significantly.  The  difference is the 
result of using  different  pressure  values  to  calculate q and  qc . For  qc 

C 5 

p2 + p4 ambient  pressure  was  subtracted from pt  whereas  for  qc 2 was  sub- 
5 

that  it is not very  sensitive to Mach number,  which is advantageous. In addition 

A[<)& is larger  than A re) 1 Aff , which  reduces  the  percentage of uncer- 

tainty  and  allows  angle of attack to be  calculated  with  greater  accuracy. 

Comparison of Stagnation  Pressures 

Figure 10 compares  stagnation  pressures  p  and  p  in  terms of the  ratio t t5 

as  a  function of Mach number.  Over most of the Mach number  range,  the 
Pt 

differences  between  the  stagnation  pressures  sensed  by  the  Pitot-static  probe  and  the 
hemispherical  flow-direction  sensor  are  within  the  accuracy of the  measurements. 
The  subsonic  data  cover  an  angle-of-attack  range  from 0" to 13", and  the  super- 
sonic  data  cover  an  angle-of-attack  range from 2" to 7". From Mach 0 . 5  to 1 . 6 ,  the 

Pt - Pt, 
ratio 3 

Pt 
never  exceeds  approximately 5 0 . 0 2 5 .  The  data  then become  more 

negative,  reaching  a  value of -0 .050  at M x 1 . 9 .  

It  may be  concluded from figure 10 that  up  to  a Mach number of 1 . 6  the  pitot- 
static  probe  and  the  hemispherical  flow-direction  sensor  did not influence  one 
another's  stagnation  pressure  measurements,  nor  did  the  strut  and  support  have 
any  detectable effect on  the  stagnation  pressure  measurements. 

Comparison of Mach Number Errors 

Figure 11 shows  a Mach number  position error  curve  obtained from  typical  data 
in  reference 9 for an A-6  NACA Pitot-static  probe  installed  on  a  nose  boom. Also 
shown  in figure 11 is the Mach number  position error  derived from  the  hemispherical 
flow-direction sensor.  The  data  points  for  the  hemispherical  flow-direction  sensor 

8 
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P2 + P4 P I +  P3 
were  calculated  using  p  for  stagnation  pressure  and 

t5 2 '  , or  

P I +  P2 + P3 + P4 
4 for  probe  static  pressure  in  the  Rayleigh  pitot  equation  (ref. 1 0 ) .  

Use of any of the  three  probe  static  pressures  in  conjunction  with  pt  results  in 

approximately  the  same  curve  as  that  shown  in  figure 11 because  the  angles of attack 
were  less  than 7" for  the  supersonic  speeds.  Figure 11 shows  that  the  hemispherical 
flow-direction sensor  has  a much larger  position  error  than  the  Pitot-static  probe 
and  that  the  error  increases  linearly  with Mach number. 

5 

Also shown is a  data  point from the  static  ports  on  the  cylindrical  portion of a 
hemispherical  flow-direction  sensor  (ref. 2 )  for  a Mach number of 1 . 4 .  Taking 
Mach 1 . 4  as  the point of comparison,  the  following Mach number  errors  were  found: 

Static  port  surface  Position  error 

Cylindrical - 
Pitot-static  probe . 0.007 
Hemispherical  flow-direction  sensor  (ref. 2 )  -0 .060 

Hemispherical - 
Hemispherical  flow-direction  sensor (45" from 

the  center  port) . 0 .650  

The Mach number  position error obtained  with  the  hemispherical  flow-direction 
sensor  by  using  static  ports 45" from the  center  port is nearly  linear  and  approxi- 
mately an  order of magnitude  larger  than  the  error  for  the  static  ports on the 
cylindrical  surface at right  angles to the  flow.  Because  this  position  error is so 
large  compared to the  error  for  the  Pitot-static  probe,  the  use of a  hemispherical 
flow-direction  sensor is recommended a s  a  backup  airspeed  sensor  only.  Additional 
tests to determine  the  best  location  for  static  ports on the  cylindrical  portion of the 
hemispherical  flow-direction  sensor may be of interest. 

CONCLUDING REMARKS 

Flow-direction  data  were  obtained from a  hemispherical  flow-direction  sensor 
which  was  flight  tested on an F-104 airplane.  The  flight  tests  covered  an  angle-of- 
attack  range of 0" to 13", a Mach number  range of 0 . 5  to 1.8,  and  an  altitude  range of 
6 . 1  kilometers  (20,000  feet)  to 1 2 . 2  kilometers (40,000 feet).  The flight  data  were 
compared  with  wind-tunnel  data  for  hemispherical  flow-direction  sensors.  The 
hemispherical  flow-direction  sensor  was  also  compared  with  a NACA  A-6 Pitot-static 
probe  for  possible  airspeed  application.  Analysis of the  flight  and  wind-tuFnel  data 
showed  that the  calibration  curves  were  linear  for  angles of attack  up to 13 over  the 
test Mach number  range. 

A comparison of the  sensitivity  parameters  showed  that  the  agreement of the  flight 
and  wind-tunnel  data  was  fairly good at  subsonic Mach numbers  and  improved  in  the 
transonic Mach number  range.  The  agreement  between  the  flight  and  wind-tunnel 
data  was good at Mach numbers  above 1 . 2 .  

9 



An uncertainty  in  angle of attack of + 0 .35"  or less  was  obtained  over most of the 
dynamic  pressure  range  tested. Above a  dynamic  pressure of approximately 

40 kN/m (835 lb/ft ) , the  uncertainty  was  less  than + O .  30". 2 2 

The  stagnation  pressures  measured  at  the  Pitot-static  probe  tip  and  the  center 
port of the  hemispherical  flow-direction  sensor  were not  influenced by  one  another or 
by  the  supporting  structure  up to a Mach number of approximately 1 . 6 .  At higher 
Mach numbers  there  was some divergence  between  the  flight  and  wind-tunnel  data. 

An airspeed  position  error  calibration  obtained  by  using  the  angle-of-attack or 
angle-of-sideslip  ports  on  the  hemispherical  flow-direction  sensor  showed  that  the 
magnitude of the  probe's position error  increased  linearly  as Mach number  increased 
The  hemispherical  flow-direction  sensor  gave  a much larger  position  error  than  the 
Pitot-static  probe. 

Flight Research Center, 
National Aeronautics and Space Administration, 

Edwards, Calif., Sept. 7 ,  1973. 
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TABLE 1. - MACH  NUMBER  UNCERTAINTY 

~~~~~ ~ - . 

M a c h   n u m b e r  

0 . 5 0  

1 . o o  
1 . o o  
1 . 5 0  

1 . 5 0  

1 . 8 0  

1 . 8 0  

~ 

A l t i t u d e ,  k m  ( f t )  

7 . 6   ( 2 5 , 0 0 0 )  

7 . 6   ( 2 5 , 0 0 0 )  

1 0 . 7   ( 3 5 , 0 0 0 )  

7 . 6   ( 2 5 , 0 0 0 )  

1 0 . 7   ( 3 5 , 0 0 0 )  

1 0 . 7   ( 3 5 . 0 0 0 )  

1 2 . 2  ( 4 0 , 0 0 0 )  

U n c e r t a i n t y  

2 0 . 0 1 5  

2 0 . 0 0 6  

+ 0 . 0 0 9  

5 0 . 0 0 7  

f 0 . 0 0 7  

f 0 . 0 0 7  

+ O .  007 

TABLE 2 .- ANGLE-OF-ATTACK  ERROR  RESULTING  FROM 
UNCERTAINTY IN PRESSURE  MEASUREMENTS 

"~ 

Moo 

h, 
k m  ( f t )  

~. 

0 . 6   0 . 8   1 . 0  1 . 2  I 1 . 4  I 1 . 6  
. . .  

I f 0 . 2 3  
k 0 . 2 8  1 0 . 7   ( 3 5 , 0 0 0 )   2 0 . 3 5  

5 0 . 1 8  

(Y e r r o r ,  deg 

-~ -. 

f 0 .  1 3  f O .  12 

f 0 . 2 1   2 0 . 1 7  I 
I 1 . 8  

fO. 10 

5 0 .   1 3  1 
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(3.70) drii (6.32) 7 
9.40  16.05 

" - "" "_ 
5.59 

16.51 
(6.50) Hemispherical flow- 

direction  sensor 
Strut  support 

- 1  ~~ ~~ 

I 

,16.99 4 
(6.69) 

(b) Drawing of the  hemispherical  flow-direction  sensor  and  support. 
Dimensions are  in  centimeters  (inches)  unless  otherwise  noted. 

1 1.90 

(c)  Drawing of the  head  portion of the  hemispherical  flow-direction  sensor. 
Dimensions are  in  centimeters  (inches)  unless  otherwise  noted. 

Figure 4 .  Concluded. 
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h, km (ft) 

o 6.1 to 9.15 (20,000 to 30,000) 
13 9.15 to  12.2 (30,000 to 40, O O O )  

M, = 1.0 -m4m p, .2 0 I i 

m 6  r Moo= 1.1 
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r M, = 1.2 
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0 2 4 6 8 
Vane a, deg 

(b) M m =  1 . 0 ,  1.1, and 1 . 2 .  
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Figure 5 .  Continued. 



h ,  km (ft) 

0 6.1 to 9.15 (20,OOO to 30,000) 
9.15 to 12.2 (30,000 to 40,000) 
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Figure 5 .  Continued. 
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o 6.1 to 9.15 (20,000 to 30,000) 
9.15to  12.2 (30,00Oto40,000) 
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Figure 5 .  Concluded. 

21 



N
 

N
 

0
 

Fl
ig

ht
 d

at
a 

0
 

Re
fe

re
nc

e 
1 

0
 

Re
fe

re
nc

e  2
 

A
 

Re
fe

re
nc

e 
3 

v 
Re

fe
re

nc
e  4

 

W
in

d-
tu

nn
el

 d
at

a 

*(?)A
, 

.0
6 
-
 

pe
r d

eg
 

.0
4 
-
 

A 'V
A 

A 

0
 

V
 

0
 

.0
2 
-
 

0 
I 

I 
.4

 
 

.6
 

.8
 

1 .o
 

1.
2 

1.
4 

1.
6 

1.
8 

2.
0 

2.
2 

2.
4 

 
2.

6 
M

oo
 

F
ig

u
re

 6
. 

C
om

pa
ri

so
n 

of
 w

in
d-

tu
nn

el
  a

nd
  f

li
gh

t  
da

ta
 

fo
r 

th
e 

 s
en

si
ti

vi
ty

  p
ar

am
et

er
 

fu
nc

ti
on

 o
f 

M
ac

h 
n

u
m

b
er

. 
AC

U 



N
 

W
 

Pr
es

su
re

  m
ea

su
re

m
en

t u
nc

er
ta

in
ty

 
(fr

om
  ta

ble
 2)

 

m
ea

su
re

m
en

t u
nc

er
ta

in
ty

 
"-

 
Co

m
bin

ed
  pr

es
su

re
  an

d  v
an

e 

q,
 I

bi
ft' 

0 
2 

4 
6 

8 
10

 
12

 
14

 
16

 
 

18
 

x 
10

' 
I 

+.
6 
-
 

5.
5 
-
 

I 
I 

\ \ 

\ \ 
\ 

I 

2.
4 
- 

\ 
'
\
\
 

k.
4 
- 

U
nc

er
ta

in
ty

 in
 

a, 
de

g 

k
.3

 -
 

"
 
"
 

--
-"

""
" 

i.
2

 -
 

f.
 1 

0 
10

 
20

 
30

 
40

 
50

 
60

 
70

 
80

 
90

 

q,
 k

Nl
m

 2 

F
ig

ur
e 

7.
 

C
al

cu
la

te
d 

un
ce

rt
ai

nt
y 

in
 a

ng
le

 o
f 

at
ta

ck
 a

s 
a 

 fu
nc

ti
on

 o
f 

dy
na

m
ic

 p
re

ss
u

re
  a

n
d

 m
ea

su
re

m
en

t 
un

ce
rt

ai
nt

y.
 



0
 

Fl
ig

ht
 d

ata
 

W
in

d-
tu

nn
el

 d
ata

 (
re

fs
. 1

 to
 4)

 
"-

 
W

in
d-

tu
nn

el
 d

ata
 (

re
f. 
8)
 

c
 "

4
-
 

.0
3 
-
 

.0
1 
-
 

0 
.4

 
 

.6
 

.8
 

1.
0 

1.
2 

 
1.

4 
1.

6 
1.

8 
2.

0 
2.

2 
2.

4 
2.

6 
M

 03
 

F
ig

u
re

 8
. 

C
om

pa
ri

so
n 

of
 w

in
d-

tu
nn

el
  a

nd
  f

li
gh

t  d
at

a 
 fo

r  
th

e 
 se

ns
it

iv
it

y 
 p

ar
am

et
er

 
fu

nc
ti

on
 o

f 
M

ac
h 

n
u

m
b

er
. 



u Flight data "- Wind- tunnel  data (ref. 4) 
.10 r 

A(?)&. 

per deg 

. 0 8 / ' ~ ~ 2 ~ ~ u  9 0 ~ 

.06 I I I I I U  
.4  .6  .8  1.0  1.2  1.4  1.6  1.8 

(a)  Comparison of flight  and  wind-tunnel  data for 
function of Mach number 

AQ! 

.08 

per deg 

.02 
.4 

I I 1 I I 
.6  .8  1.0  1.2  1.4 

(b) Variation of A r$)L AQ! and A re)-'- AQ! with Mach number. 

25 

I 



LA
ng

le
-o

f-a
tta

ck
  v

an
e I A

cc
ur

ac
y  b

an
d 

-
.
l
 ' .4
 

.6
 

.8
 

1.
0 

 
1.

2 
 

1.
4 

1.
6 

 
1.

8 
2.

0 
M

 0
3
 

F
ig

u
re

 1
0.

 
C

om
pa

ri
so

n 
of

 s
ta

gn
at

io
n 

 p
re

ss
ur

es
  m

ea
su

re
d 

by
 t

he
  P

it
ot

-s
ta

ti
c 

 p
ro

be
  a

nd
 b

y 
th

e 
he

m
is

ph
er

ic
al

  fl
ow

-d
ir

ec
ti

on
  se

ns
or

  at
  th

e  p
  po

rt
. 

a 
= 

0"
 t

o 
13

".
 

t5
 



1.2 

1 .o 

.8 

.6 

M, - Mi 

.4  

.2 

0 

-.2 

0 Flight 
Wind  tunnel   ( re f .  2) ] Hemispherical  f low-direction  sensor 

- Pitot-static  probe  (ref. 9) 
- 

o d  

0 a9 J@@ 
0 8 

I I 
.4   .6  .8 1.0 1.2 1.4 1.6 1.8 2.0 

" 
Figure 11. Comparison of Mach number  position e r rors  from  the  hemispherical 
flow-direction  sensor  and  the  Pitot-static  probe. a = 0" to 13". 
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